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DNA aptamers are known to desorb from graphene oxide 
(GO) surface in the presence of target molecules. We 
demonstrate herein that the binding equilibrium can be 
shifted by simply tuning the solution pH. At lower pH, the 
aptamer/GO binding is enhanced while aptamer/target 
binding is weakened, making this system a regenerable 
biosensor without covalent conjugation.   
Understanding and controlling binding between biomolecules 
and inorganic materials is important in basic surface science 
research, biomedical engineering, biosensor development and 
nanotechnology.1-4 An interesting recent example is the 
adsorption of non-structured single-stranded DNAs on 
graphene oxide (GO) and the subsequent desorption upon 
forming double-stranded or well-folded structures. Graphene 
and GO are newly discoered materials with many useful 
mechanical, electric, and optical properties.5-8 For example, 
GO can effectively quench adsorbed fluorophores. These 
properties have been used to make highly sensitive fluorescent 
biosensors for metal ions,9-11 small molecules,12-16 proteins,17-
20 and DNA.10, 18, 21-26 For example, mixing a fluorescently 
labeled aptamer with GO resulted in quenched fluorescence. 
Upon addition of the target molecule, the aptamer can bind to 
the target and desorb from the surface, resulting in 
fluorescence enhancement (Figure 1, step 1). After detection, 
however, it is difficult to re-adsorb the DNA and wash away 
the target molecule since there is no covalent linkage between 
the aptamer and the surface. If a re-adsorption mechanism can 
be introduced, this system can serve as a regenerable sensor. 
Herein, we report that the GO/aptamer system can be 
reversibly operated by changing the solution pH. We 
demonstrate the concept for both adenosine aptamer and a 
Hg2+ binding DNA. 
 Since most aptamers are selected at close to the neutral pH, 
we hypothesize that lowering the pH might have an adverse 
effect on aptamer binding. To test this, a biophysical 
technique known as isothermal titration calorimetry (ITC) was 
employed, where the heat generated by mixing the target and 
aptamer was measured. The unmodified adenosine aptamer 
(60 M) was warmed up to 90 C for 1 min and then cooled to 
room temperature slowly in buffer A (150 mM NaCl, 25 mM 
HEPES, pH 7.6). An adenosine solution (1.5 mM) was titrated 
into the aptamer and the amount of released heat was 
measured after each addition using a MicroCal ITC 
instrument, allowing the dissociation constant (Kd) to be 
accurately determined. At pH 7.5, we obtained a Kd of 13.1  
1.8 M (Figure 2A), which was comparable to the literature 
reported 6  3 M.27 At pH 5.5, the Kd increased slightly to 
~19.6 M (Figure 2B). At pH 3.5, however, no obvious 
binding was observed (Figure 2C). Only when the adenosine 
concentration was increased to 10 mM, did we obtain a 
binding curve with a Kd of 202 M (Figure 2C, inset). At pH 
3.5, the A and C bases in DNA and the target molecule 
adenosine are partially protonated, which is likely to interfere 
with hydrogen bonding and charge interactions. The pH effect 
on a cocaine aptamer binding was also recently reported.28 
This experiment supports our hypothesis that the adenosine 
aptamer binding is weakened at low pH.  
  
 
Fig. 1 Schematic presentation of sensor operation (step 1) 
and regeneration (step 2 and 3). The aromatic rings on GO are 
not drawn for the clarity of the figure. The aptamer sequences 
are listed from the 5 to 3-end. FAM denotes for 
carboxyfluorescein.  
    
We recently demonstrated that DNA binding to GO was 
stronger at lower pH.29 Both DNA and GO are negatively 
charged and they experience a strong repulsive force. The 
electrostatic repulsion can be reduced by adding salt as well 
as by decreasing pH. At low pH, more surface carboxylic acid 
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groups are protonated to reduce the repulsion between DNA 
and GO. For example, the -potential of GO has been reported 
to increase by lowering the pH.30 Here, we also tested the pH-
dependent binding using the adenosine aptamer. GO was 
synthesized as described previously.29 The adenosine sensor 
was prepared by incubating 500 nM FAM-labeled adenosine 
aptamer with 100 g/ml GO for 1 hr in buffer B (150mM 
NaCl, 1mM MgCl2, 25mM HEPES, pH 7.6). The mixture was 
centrifuged at 15000 rpm for 20 min and the GO/aptamer 
complex formed a pellet at the bottom. The supernatant was 
removed and the sensor was washed once with buffer B to 
remove unbound aptamers. Since GO can completely quench 
adsorbed fluorophores, the amount of adsorption can be 
calculated from the fluorescence intensity in the supernatant 
solution. Before measurement, the supernatant pH was 
adjusted to 8.5 to ensure that the FAM fluorophore had high 
quantum yield. At high ionic strength (e.g. buffer A), 
adsorption was close to 100% at all the three pH values tested 
(Figure 2D, black bars). At a lower ionic strength (only 25 
mM buffer, no additional salt), the aptamer showed almost no 
binding to GO at pH 7.5 but close to quantitative binding at 
lower pH’s (gray bars). This experiment suggests that by 
tuning the pH and ionic strength of the solution, the 
adsorption of DNA on GO can be controlled. Importantly, the 
pH effect was synergistic; lowering the pH decreased aptamer 
binding but promoted GO binding.  
 After demonstrating the effect of pH on bindnig, we next 
tested sensor regeneration. Mixing the FAM-labeled 
adenosine aptamer with GO resulted in low fluorescence and 
addition of 2 mM adenosine induced fast fluorescence 
enhancement, reaching a plateau in ~10 min (Figure 3A, solid 
black curve) 12-14 This kinetic experiment was carried out in a 
volume of 50 L using a microplate reader (Infinite F200Pro, 
Tecan). The sample was subsequently acidified by incubating 
with 500 mM pH 3.5 citrate buffer for 40 min for 
regeneration. At this pH, the aptamer should release the bound 
adenosine and re-adsorb onto the GO surface. The sample was 
centrifuged at 15000 rpm for 20 min to precipitate GO and the 
supernatant was removed. For comparison, another sample 
was regenerated in the same way but in a pH 7.5 buffer 
(50mM HEPES, blue curve). After regeneration, both samples 
were dispersed in buffer B and adenosine was again added. 
Interestingly, fluorescence enhancement was observed for 
both samples. The final fluorescence reached about half of the 
original value for the sample regenerated at pH 3.5 but less 
than 20% for the one washed at pH 7.5. The fact that the pH 
3.5 sample showed a much higher fluorescence supported that 
a low pH was crucial for shuttling the DNA back to the GO 
surface. It was noted that the regeneration was incomplete 
even for the pH 3.5 sample, which was attributed to the lost of 
GO during the centrifugation/washing steps. If the fold of 
fluorescence enhancement was compared, the change for the 
regenerated sensor was comparable to that for the freshly 
prepared one (Figure 3C, black bars). However, a significant 
drop was observed for the samples regenerated in the pH 7.5 
buffer (gray bars). The similarity in the relative fluorescence 
increase supports that the performance of the aptamer/GO 
sensor was not affected by regeneration and the decreased 
fluorescence intensity was due to the lost of sample during the 
washing steps. A second regeneration was subsequently 
carried out and similar results were also observed. 
 
Fig. 2 ITC traces of adenosine aptamer binding at pH 7.5 
(A), 5.5 (B), and 3.5 (C). (D) Salt and pH-dependent binding 
of the adenosine aptamer by GO.  
 
 Interestingly, the sample washed at pH 7.5 also showed a 
small increase after regeneration. After the initial addition of 
adenosine to the freshly prepared sensor, the fluorescence 
signal reached plateau before regeneration and all DNA in the 
supernatant was washed away at pH 7.5. This result suggested 
that not all the aptamers were desorbed from GO in the 
presence of 2 mM adenosine. To confirm this, 4 M of the 
complementary DNA (c-DNA) of the adenosine aptamer was 
also used to desorb the FAM-labeled aptamer DNA. The Kd 
for the c-DNA binding should be smaller than 10-18 M,31 
which is 12 orders of magnitude higher than that for 
adenosine binding. As shown in Figure 3A (black curve), the 
aptamer desorbed by adenosine was only about half of that 
desorbed by the c-DNA. This experiment confirmed the 
presence of residual aptamers on the GO surface after 
adenosine addition and the fluorescence signal after 
regeneration at pH 7.5 was attributed to these residual DNA. 
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Fig. 3. Sensor regeneration. Kinetics of fluorescence change for 
the adenosine (A) and Hg2+ sensor (B) before and after 
regeneration at low or high pH. For comparison, desorption of 
aptamer by the c-DNA was also tested. The target molecules 
were added at time points indicated by the black arrows. The fold 
of fluorescence enhancement (signa-to-background ratio) after 
adding 2 mM adenosine (C) or 2 M Hg2+ (D).  
  
 The dual control of the adenosine aptamer adsorption 
allowed the use of this system as a logic gate. To test this, 
four GO/aptamer samples were prepared to be at high (7.5) or 
low (3.5) pH in the presence of high (2 mM) or low (0 mM) 
adenosine. After centrifugation, the supernatant fluorescence 
was then measured at pH 8.5 to avoid pH-related FAM 
fluorescence artifacts. We found that high fluorescence was 
achieved only at high pH and high adenosine (Figure 4A). 
This system therefore acts as an AND gate (Figure 4B). This 
study also showed that the pH effect was predominate and at 
low pH; no desorption occurred even in the presence of 
adenosine.  
 
 
Fig. 4. (A) The supernatant fluorescence intensity of 
GO/adenosine aptamer samples in different pH and adenosine 
conditions. (B) Tabulated results in (A), where high pH = 7.5, 
low pH = 3.5, high adenosine = 2 mM and low adenosine = 0.  
 
 To test the generality of this approach, we next used a 
FAM-labeled mercury binding DNA. This DNA is rich in 
thymine (see Figure 1 for sequence) and Hg2+ can be chelated 
between two thymines to form the T-Hg2+-T base pair. Since 
mercury binding to the thymine base is accompanied by the 
release of the imino proton,32, 33 lowering pH should reduce 
Hg2+ binding. The same regeneration experiments were 
performed except that the reaction buffer was changed to 150 
mM NaNO3, 5 mM Tris nitrate, pH 8.0. Similarly, we 
achieved sensor regeneration by lowering the solution pH as 
shown in Figure 3B. In this case, desorption induced by 2 M 
Hg2+ was also incomplete and was only ~40% of that by 
adding the c-DNA. The fold of fluorescence increase for 
samples regenerated at pH 3.5 was also more consistent than 
those regenerated at pH 7.5 (Figure 3D). 
  In summary, we have demonstrated the synergistic pH 
effect on the binding of aptamer to its target and to GO. In 
this system, it is possible to achieve sensor regeneration 
without covalent immobilization. This method should work 
for small molecule and metal ion targets. DNA or protein 
targets, however, may also bind to the GO surface with a high 
affinity; effective removal of such target molecules may not 
be achieved. This work suggests that a precise control of 
binding at the bio-nano interface can be achieved with a 
fundamental understanding of the molecular and materials 
properties. 
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